Recent results support the notion that macromolecular 'crowding' enhances protein aggregation, at the expense of correct folding. The results can be rationalised in terms of kinetic competition between distinct processes, taking into account the relative influence of crowding on each process.
The native tertiary structure of many small, single chain globular proteins may be acquired spontaneously and relatively rapidly in dilute solution, following introduction of the unfolded chains into a renaturing solvent. The mechanism of folding of such proteins under these conditions has been extensively studied, both experimentally and theoretically [1] . More recently, attention has been directed to possible differences between the processes of protein folding and unfolding in dilute solution (in vitro), and in an environment resembling the interior of a living cell (in vivo) [2, 3] . Most research in this area has been devoted to the study of the role of molecular chaperones of various types, which have been characterized generically as proteins that cyclically bind and release partially unfolded proteins in an ATP-dependent fashion [4, 5] .
There seems to be an emerging consensus that, while chaperones do not determine the end product of the refolding process -which is dictated fundamentally by thermodynamic considerations -they do promote refolding indirectly by inhibiting irreversible or quasi-irreversible side reactions, chief among them aggregation of unfolded, partially folded or improperly folded protein [6] . The pressing need for such protective mechanisms in vivo has been emphasized by Ellis [7] , who conjectured that, in the absence of such mechanisms, the effects of crowding -less colloquially referred to as 'excluded volume' effects -in media containing a substantial volume fraction of macromolecules were likely to greatly enhance the probability that a partially unfolded protein would aggregate, and consequently be lost from the pool of functional protein. Results presented very recently by van den Berg et al. [8] lend support to the notion that aggregation of non-native protein is enhanced in crowded media, but, together with previously published results, suggest that heterologous associations play a role that is comparable to that of excluded volume in influencing the fate of non-native proteins in these media.
The refolding of lysozyme -selected as a model small, single-chain protein -has been studied extensively in vitro under conditions in which the native disulfide bonds are maintained upon denaturation, and also under conditions in which initially disrupted disulfide bonds are reformed during folding [9] and in which unfolded lysozyme is susceptible to aggregation [10] . In their recent study, van den Berg et al. [8] introduced a small amount of denatured lyzozyme -either reduced or oxidized -into a renaturing buffer containing up to 300 grams per litre of a presumably inert 'background' macromolecule (dextran 70, Ficoll 70, bovine serum albumin (BSA) or ovalbumin). The rate and extent of subsequent acquisition of lysozyme catalytic activity and appearance of turbidity were then monitored as measures of refolding to the native structure and protein aggregation, respectively.
Under the conditions of the renaturation experiments, and in the absence of background molecules, oxidized lysozyme could reacquire all of its original activity prior to denaturation, and the addition of background molecules had little effect even at the highest concentrations. Initially reduced lysozyme, on the other hand, could reacquire approximately only 20% of its original activity in the absence of background molecules, and addition of a sufficient concentration of any of the four background species to the renaturing buffer completely suppressed reacquisition of catalytic activity. Under these conditions, addition of all background species except BSA to the renaturation buffer resulted in significant increases in solution turbidity, and addition of polymeric additives resulted in depletion of soluble lysozyme. The inhibition of refolding by background molecules was ameliorated by the addition of substoichiometric amounts, relative to lysozyme, of protein disulfide isomerase (PDI), which substantially accelerates the refolding of reduced lysozyme [11] .
These results may be interpreted in the context of the highly simplified models, which are illustrated in Figure 1 . Consider first the experiment initiated by the introduction of denatured oxidized lysozyme (U ox ) into renaturing buffer (Figure 1a) . The observation that, in this case, approximately 100% of the catalytic activity is restored in either the absence or the presence of background molecules indicates that the flux through reaction I greatly exceeds that through reaction II under all conditions, so differential effects of the background species on the rates of the two reactions -if such effects exist -cannot be resolved.
We next consider the comparable experiment carried out with denatured lysozyme that is initially fully reduced (U red ). The complexity of the (still oversimplified) reaction scheme depicted in Figure 1b is due to the presence of a large number of possible mixed oxidation state folding intermediates [9, 11] , here denoted generically as U*, each of which may participate in various folding, binding and aggregation reactions. The observation that only about 20% of the catalytic activity is regained under reference conditions -in the absence of background species B and PDI -suggests that, under those conditions, the flux through reactions Ia-Ib is roughly one-fourth of the flux through reaction II. Addition of background molecule B can lead to changes in the rates of reactions Ia-Ib and II, as well as introducing the possibility of the heterologous association reactions III and IV, leading to the formation of soluble and insoluble complexes, respectively.
The effect of crowding upon these types of reaction has been explored using excluded volume theory, which unambiguously predicts that high concentrations of an 'inert' space-filling macromolecule B will shift the equilibrium between U red and the native folded state, N, toward N [12] , and shift the association equilibria (reactions II-IV) toward increased association [13] . But the effect of crowding on the relative rates of the various reactions depends upon specifics of the respective reaction mechanisms. For example, crowding may either accelerate or slow the rate of reactions II-IV, depending upon whether the overall rate of a particular reaction is limited by the rate of passage over a transition-state barrier or by the rate of bimolecular encounter (diffusion limit) [13] . While crowding would be expected to accelerate reaction Ia, it may slow reaction Ib if conformational shuffling required to convert an improperly folded intermediate {U*} to the native conformation involves transient unfolding -that is, an expanded transition state.
Although the results of van den Berg et al. [8] indicate that, in the present instance, the addition of dextran, Ficoll or ovalbumin enhances the overall rate of reactions II-IV relative to that of reactions Ia-Ib, these experiments alone do not permit us to determine unambiguously the absolute effect of these background molecules on the rate of any individual reaction. The lack of enhanced scattering in the presence of added BSA suggests that inhibition of lysozyme refolding by BSA may be primarily due to formation of soluble complexes of U* and BSA (reaction III), rather than by enhancement of indefinite aggregation. Addition of PDI promotes acquisition of native lysozyme structure, both in the absence and presence of background molecules, by facilitating dissociation of complexes of U* (reactions Va-c).
The new study of van den Berg et al. [8] complements an earlier study my colleagues and I [14] carried out on the effect of high concentrations of proteins and polymers on the reversibility of protein unfolding and aggregation under denaturing conditions. In that work, solutions containing a small amount of a test protein mixed with varying concentrations of a background macromolecule (polymer or protein) were exposed to conditions -elevated temperature or 30% ethanol -in which the test protein would denature but the background molecule (if a protein) would not. In one set of experiments, the rate of coagulation of BSA, as monitored by turbidity change, was found to be substantially reduced in the presence of two stable proteins but enhanced in the presence of random coil polymers (polyethylene glycol, dextran or Ficoll). In a second set of experiments, the recovery of catalytic activity of test enzymes was measured after exposure to denaturing conditions for various periods of time in the absence and presence of different background molecules. The rate of loss of recoverable activity of most (but not all) enzymes examined was found to be markedly reduced in the presence of substantial concentrations of stable proteins, but increased in the presence of random coil polymers.
The results of these experiments may be interpreted in the context of the simplified reaction scheme depicted in Figure 2 . The addition of background species B may have the following effects on the rate and extent of irreversible inactivation of test protein. First, excluded volume in the presence of high concentrations of B may slow the initial unfolding reaction I. This is probably not the rate limiting step of the overall process, however, as random coil polymers were observed to accelerate the rate of coagulation and loss of recoverable enzyme activity. Second, excluded volume effects are likely to enhance the tendency of the unfolded molecule (U) to undergo either self-association (reaction II) or heterologous association with B (reactions III and IV) at equilibrium.
The effect of B on the absolute and relative rates of these three reactions is, however, expected to be rather different and to depend upon whether B is a native protein or a random coil polymer. A reduction of rates of diffusion resulting from the excluded volume of added B would be expected to slow the rate of self-association (reaction II) relative to rates of heterologous association (reactions III and IV). If B is a native protein, the likelihood of the U state forming a quasi-irreversible entanglement complex of indefinitely large size (reaction III) is much smaller than the probability of forming a small reversible complex with B (reaction II), whereas if B is a random coil polymer, the opposite is true. Thus, while addition of neither type of background molecule can halt the formation of irreversible aggregates of denatured protein, addition of a native globular protein can slow the formation of such aggregates.
While both the new study by van den Berg et al. [8] and our earlier study [14] reveal possible effects of high concentrations of background macromolecules on protein folding and unfolding in a cellular environment, neither can be said to emulate any actual biological process. These studies reveal significant differences between the behavior of different test proteins, and the effects of different background species, on the behavior of a given test protein. It is evident that non-specific attractive, as well as repulsive, interactions in a crowded environment must be taken into account. The cellular environment comprises a heterogeneous mix of proteins, nucleic acids and supramolecular structures such as ribosomes, membranes and, in the case of eukaryotes, cytoskeletal fibers, each of which is likely to affect the folding and unfolding of different proteins in a distinctive fashion [15] .
Nevertheless, the two studies [8, 14] are of value in demonstrating that, in the presence of any crowded environment, the fate of an unfolded or partially folded protein is likely to be very different from that observed in a conventional in vitro experiment, and that non-specific heterologous associations play an important role in determining that fate. These findings do indeed support Ellis's argument [7] for the biological necessity of specific protective mechanisms, including -but not limited to -the presence of molecular chaperones.
